The neuropeptide vasoactive intestinal peptide (VIP) is expressed at high levels in the neurons of the suprachiasmatic nucleus (SCN). While VIP is known to be important to the input and output pathways from the SCN, the physiological effects of VIP on electrical activity of SCN neurons are not well known. Here the impact of VIP on firing rate of SCN neurons was investigated in mouse slice cultures recorded during the night. The application of VIP produced an increase in electrical activity in SCN slices that lasted several hours after treatment. This is a novel mechanism by which this peptide can produce long-term changes in central nervous system physiology. The increase in action potential frequency was blocked by a VIP receptor antagonist and lost in a VIP receptor knockout mouse. In addition, inhibitors of both the Epac family of cAMP binding proteins and cAMP-dependent protein kinase (PKA) blocked the induction by VIP. The persistent increase in spike rate following VIP application was not seen in SCN neurons from mice deficient in Kv3 channel proteins and was dependent on the clock protein PER1. These findings suggest that VIP regulates the long-term firing rate of SCN neurons through a VIPR2-mediated increase in the cAMP pathway and implicate the fast delayed rectifier (FDR) potassium currents as one of the targets of this regulation. circadian system; fast delayed rectifier; potassium; suprachiasmatic nucleus; VIP DAILY BIOLOGICAL RHYTHMS are intrinsically generated, synchronized, and regulated by networks of circadian oscillators. These oscillations are generated by robust negative feedback mechanisms that occur at the molecular, cytoplasmic, and membrane levels within single cells (Maywood et al. 2007; . In mammals, the suprachiasmatic nucleus (SCN) of the hypothalamus contains the master oscillatory neurons necessary for coordinating these rhythms found throughout the body (Dibner et al. 2010; Mohawk and Takahashi 2011; Welsh et al. 2010) . These SCN pacemaker neurons receive photic input as well as a number of other timing cues and then integrate this information. One of the hallmark features of SCN neurons is that these cells are spontaneously active and generate neural activity rhythms both in vitro and in vivo (Colwell 2011; Webb et al. 2009; Welsh et al. 2010) . Whereas single neurons can generate these rhythms, the SCN cell population normally works together in a circuit to produce a more robust oscillation. While many of the features of this circuit are not yet known, there is compelling evidence that a subset of neurons expressing the neuropeptide vasoactive intestinal peptide (VIP) play a critical role in the SCN circuit Aton et al. 2005; Brown et al. 2007; Ciarleglio et al. 2009; Colwell et al. 2003; Harmar et al. 2002; Maywood et al. 2011) .
DAILY BIOLOGICAL RHYTHMS are intrinsically generated, synchronized, and regulated by networks of circadian oscillators. These oscillations are generated by robust negative feedback mechanisms that occur at the molecular, cytoplasmic, and membrane levels within single cells (Maywood et al. 2007; . In mammals, the suprachiasmatic nucleus (SCN) of the hypothalamus contains the master oscillatory neurons necessary for coordinating these rhythms found throughout the body (Dibner et al. 2010; Mohawk and Takahashi 2011; Welsh et al. 2010) . These SCN pacemaker neurons receive photic input as well as a number of other timing cues and then integrate this information. One of the hallmark features of SCN neurons is that these cells are spontaneously active and generate neural activity rhythms both in vitro and in vivo (Colwell 2011; Webb et al. 2009; Welsh et al. 2010) . Whereas single neurons can generate these rhythms, the SCN cell population normally works together in a circuit to produce a more robust oscillation. While many of the features of this circuit are not yet known, there is compelling evidence that a subset of neurons expressing the neuropeptide vasoactive intestinal peptide (VIP) play a critical role in the SCN circuit Aton et al. 2005; Brown et al. 2007; Ciarleglio et al. 2009; Colwell et al. 2003; Harmar et al. 2002; Maywood et al. 2011) .
The mechanism by which VIP regulates the neural activity of SCN neurons is not well understood, and yet this is important information for clarifying the role of this peptide in the SCN circuit. Neural activity is critical for both the inputs and output of the SCN circuit, and VIP regulation of the firing rate of SCN neurons could explain much of its physiological function. While the acute effects (within 5 min) of VIP on SCN firing rates have been examined (Reed et al. 2002) , the longterm effects have not been previously examined. In the present study, we used electrophysiology tools to test the hypothesis that VIP regulates long-term (Ͼ1 h) electrical activity of neurons in the dorsal SCN (dSCN) region. We focused on this region of the SCN as the rhythms in both electrical activity (Schaap et al. 1999 ) and clock gene expression (Hamada et al. 2004; Yan and Okamura 2002) are more robust in this region of the SCN. We were interested in clarifying both the receptor as well as the second messenger cascades that mediate the impact of VIP on SCN electrical activity. We examined whether VIP increased PER1 expression in the SCN and the impact of antisense oligodeoxynucleotide (ODN) against Per1 on the VIP regulation of firing rate. Finally, the possibility that the fast delayed rectifier (FDR) potassium (K ϩ ) current mediates the VIP regulation of electrical activity was examined.
Brain slice preparation for electrophysiology. Methods utilized were similar to those described previously (Gamble et al. 2007 (Gamble et al. , 2011 . Animals were killed at zeitgeber time (ZT) 11 in the light-dark (LD) cycle for recording during the night . ZT is used to describe the projected time of the circadian clock within the SCN based on the previous light cycle, with lights-on defined as ZT 0. Brain slices were prepared with standard techniques from mice (C57BL/6, VIPR2 KO, and Kv dKO) between 1 and 3 mo of age. Mice were killed by isoflurane (Phoenix Pharmaceutical, Burlingame, CA) anesthesia and rapidly decapitated. To prepare SCN cultures, the brain was excised from the skull and placed in chilled low-Ca 2ϩ ACSF [in mM: 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 10 glucose, 125 NaCl, 3 KCl, 5 MgCl 2 , and 1 CaCl 2 , pH 7.2-7.4 (290 -310 mOsm)]. After chilling (5 min), the brain was trimmed to a block containing the hypothalamus and optic nerves. The brain was sliced in the coronal plane on a vibratome (Dosaka EM, Kyoto, Japan) at a thickness of 200 m. The slice was then trimmed to ϳ4 ϫ 4-mm squares, transferred directly to culture membranes (Millipore, Billerica, MA) in 35-mm culture dishes with 1.0 ml of MEM (Invitrogen, Carlsbad, CA) containing 30 mM HEPES, 20 mM D-glucose, 5% B27, 5.0 mM L-glutamine, and 25 U/ml streptomycin-penicillin, and maintained at 34°C and 5% CO 2 (Han et al. 2006) .
Loose-patch electrophysiology. Slices were placed in a recording chamber attached to the stage of a fixed-stage upright differential interference contrast (DIC) microscope (Olympus, Tokyo, Japan). The slices were superfused continuously (2 ml/min) with ACSF [in mM: 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 10 glucose, 125 NaCl, 3 KCl, 2 MgCl 2 , 2 CaCl 2 , pH 7.2-7.4 (290 -310 mosmol/kgH 2 O)] aerated with 95% O 2 -5% CO 2 . The loose-patch recordings from the SCN were taken with recording electrodes. These micropipettes (4 -6 M⍀) were pulled from glass capillaries (WPI, Sarasota, FL) on a multistage puller (P-97; Sutter Instruments, Novato, CA) and filled with the ACSF solution. Recordings were obtained with an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA) and monitored online with pCLAMP (version 10.0, Molecular Devices). Each of the cells was determined to be within the SCN by direct visualization of the location of the cell with DIC microscopy. In the neurons identified by biocytin labeling (n ϭ 32), 91% (29/33) were confirmed to be located within the Nissl-defined dSCN region. The dorsal region is also confirmed by AVP and VIP immunohistochemistry. Each experimental treatment contained data from 3-5 animals and typically recordings from ϳ30 neurons. All recordings were performed at room temperature.
Whole cell patch-clamp electrophysiology. Recording methods utilized were similar to those described previously (Itri et al. 2005; Kudo et al. 2011; Michel et al. 2006) . Slices were placed in a recording chamber (PH-1, Warner Instruments) attached to the stage of a fixed-stage upright DIC microscope (Olympus). The slices were superfused continuously (2 ml/min) with ACSF aerated with 95% O 2 -5% CO 2 . The whole cell patch-clamp recordings from the SCN were taken with recording electrodes. These micropipettes (typically 5-7 M⍀) were pulled from glass capillaries (WPI) on a multistage puller (Sutter) and filled with the standard solution. The standard solution contained (in mM) 112.5 K-gluconate, 1 EGTA, 10 HEPES, 5 MgATP, 1 GTP, 0.1 leupeptin, 10 phosphocreatine, 4 NaCl, 17.5 KCl, 0.5 CaCl 2 , 1 MgCl 2 , and 1 BAPTA. BAPTA was used to buffer intracellular calcium and inhibit calcium-dependent potassium currents. The pH was adjusted to 7.25-7.30, and the osmolality was adjusted between 290 and 300 mOsm. Recordings were obtained with an Axopatch 200B amplifier (Molecular Devices) and monitored online with pCLAMP (Molecular Devices). Each of the cells was determined to be within the SCN by direct visualization of the cell's location with DIC microscopy. Cells were approached with slight positive pressure (2-3 cmH 2 O). The pipette was lowered to the vicinity of the membrane while maintaining positive pressure. After a high-resistance seal (2-10 G⍀) was formed by application of negative pressure, a second pulse of negative pressure was used to break the membrane.
The access resistance of these cells ranged from 15 to 40 M⍀ in the whole cell voltage-clamp configuration, while the cell capacitance was typically between 6 and 18 pF. Data were not collected if access resistance was Ͼ40 M⍀ or if the value changed significantly (Ͼ20%) during the course of the experiment. In these studies, we used a 70% compensation using positive feedback correction. The junction potentials between the pipette and the extracellular solution were canceled by the voltage offset of the amplifier before a seal was established and were not further corrected. Series and input resistance were monitored repeatedly by checking the response to small pulses in a passive potential range. The standard extracellular solution used for all experiments was ACSF. Drug treatments were performed by dissolving pharmacological agents in the ACSF used to bathe the slices during recording. Solution exchanges within the slice were achieved by a rapid gravity-feed delivery system. Current traces were recorded with pCLAMP with the whole cell voltage-clamp recording configuration and then analyzed with Clampfit (Molecular Devices). Methods utilized for FDR currents were similar to those described previously (Kudo et al. 2011) . The FDR K ϩ currents were isolated pharmacologically with a voltage-step protocol in the whole cell voltage-clamp configuration with the neurons initially held at Ϫ70 mV. The protocol consisted of a 100-ms prepulse at Ϫ90 mV (to elicit maximal conductance) followed by 250-ms steps at progressively depolarized potentials (Ϫ80 to 50 mV, 10-mV steps). Leak subtraction was performed during acquisition with a p/4 protocol, which utilizes four subpulses with 1/4 of the test pulse amplitude and reversed polarity given from a holding potential of Ϫ70 mV. Current traces from treatment were subtracted from control to isolate FDR currents. 4-Aminopyridine (4-AP) was used to isolate FDR currents. Current measurements were performed in control solution and after 5 min of drug treatment in each cell. No current was injected during recording. The ACSF perfusion solution contained bicuculline (25 M), TTX (0.5 M), and cadmium (25 M). After breakthrough of the membrane, data on membrane potential and resistance were obtained within 1 min. The membrane potential was measured in intervals between the action potentials. Each experimental treatment contained data from 3-5 animals and typically recordings from ϳ30 neurons. All recordings were performed at room temperature.
Drugs. VIP (HSDAVFTDNYTRLRKQMAVKKYLNSILN-NH 2 , final concentration 0.1, 1, or 10 M) and VIPR2 antagonist (MyrH-SDAVFTDNYTKLRKQMAVKKYLNSI-K-K-G-G-T, final concentration 1 M) were purchased from GL Biochem (Shanghai, China). Forskolin (final concentration 1 M), brefeldin A (final concentration 100 M), N 6 -benzoyladenosine-3=,5=-cyclic monophosphate sodium salt (6-Bnz-cAMP, final concentration 100 M), 4-AP (final concentration 0.5 M), and NMDA were purchased from Sigma-Aldrich (St. Louis, MO). 2,4,6-Trimethyl-N-(m-3-trifluoromethylphenyl)benzenesulfonamide (m-3M3FBS, final concentration 100 M) was purchased from Merck (Gibbstown, NJ). H89 (final concentration 10 M) and edelfosine [(7R)-4-hydroxy-7-methoxy-N,N,N-trimethyl-3,5,9-trioxa-4-phosphaheptacosan-1-aminium-4-oxide, final concentration 10 M] were purchased from Tocris Bioscience (Ellisville, MO). 8-(4-Chlorophenylthio)-2-O-methyl-cAMPS, Sp-isomer (final concentration 100 M) was purchased from Axxora (San Diego, CA). We used concentrations of drugs considered selective based on prior literature.
For Per1 gene knockdown, either antisense ODN sequence against the 5= translational start site of Per1 (taggggaccactcatgtct; SigmaAldrich) or a random ODN with equivalent GC content (ccgttagtactgagctgac) (Akiyama et al. 1999; Tischkau and Gillette 2005) was applied at a final concentration of 10 M. Vehicle treatments were used as controls. The ODN was applied to 35-mm dishes at ZT 2 until ZT 4 (day) and ZT 14 until ZT 16 (night).
Immunohistochemistry. Methods utilized were similar to those described previously (Wang et al. 2009 ). Immunohistochemistry (IHC) was performed on male wild-type (WT) mice at 1-3 mo of age. Mouse SCN slices were made with the same method described above for the electrophysiology. Antisense ODN for Per1 was added at ZT 14, and the slices were fixed by 4% (wt/vol) paraformaldehyde (Sigma-Aldrich) in PBS (pH 7.4) at 4°C overnight and cryoprotected in 20% sucrose in PBS. IHC using a rabbit anti-PER1 antibody (1:500; Thermo Scientific, Rockford, IL) or rabbit anti-phosphocAMP response element-binding protein (pCREB) (Ser133) antibody (1:1,000; Millipore, Temecula, CA) was performed on free-floating 20-m cryostat coronal brain sections from the slice. Sections were washed three times (5 min) with PBS. Sections were dipped in 3% normal goat serum in PBS with 0.1% Triton X-100 for 1 h and then incubated with PER1 antibody with a solution of Triton X-100-PBS with 3% normal goat serum. Sections were incubated with the PER1 antibody for 72 h at 4°C. Other sections were incubated with a rabbit polyclonal antibody raised against VIP (ImmunoStar, no. 20077) diluted 1:1,000 and guinea pig polyclonal antibody raised against AVP (Peninsula, no. T-5048) with a solution of Triton X-100-PBS with 3% normal goat serum. Sections were incubated with the VIP and AVP antibodies for 24 h at 4°C. Sections were rinsed three times (5 min) in PBS and incubated for 2 h with an Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen) diluted 1:200 with Triton X-100-PBS with 3% normal goat serum. After incubation, sections were rinsed in PBS three times (5 min) and immediately mounted on slides. Sections were then dried and coverslipped. Then sections were imaged on the Axio Vision camera systems (Apotome, Carl Zeiss). Four sections from each slice were chosen and images taken. All immune-positive cells within the SCN were counted manually at ϫ40 with the aid of a grid. All immune-positive cells within the grid were counted equally without regard to the intensity of the staining. Counts were performed by two observers blind to the treatment protocol, and the results were averaged.
Statistical measurements. The data sets were analyzed by test for equal variance and normal distribution to help select the appropriate test. The data sets were analyzed by one-way, two-way, or two-way repeated-measures ANOVA. If significant group differences were detected by the ANOVA, then a post hoc analysis was applied. Statistical significances between two groups were determined by Student's unpaired t-test. Values were considered significantly different if P Ͻ 0.05. All tests were performed with SigmaStat (version 3.5; Systat Software, Chicago, IL). Values are shown as means Ϯ SE. Sample sizes are reported as the number of neurons, with the data from each group coming from between three and five mice.
RESULTS

VIP increased electrical activity of SCN neurons.
Using the voltage-clamp recording technique in the loose-patch configuration, we measured the spontaneous firing rate (SFR) in dSCN neurons. Each of these cells was determined to be within the dorsal region of the SCN by direct visualization of the location of the cell with infrared DIC videomicroscopy. Recordings (1 min) were made during the night (ZT 17-19, 2-4 h after the treatment and 1-3 h after VIP washout), and the resulting data were analyzed by one-way ANOVA. This analysis revealed a significant effect of treatments (H 4 ϭ 42.815, P Ͻ 0.01, Kruskal-Wallis 1-way ANOVA on ranks). Application of VIP (1, 10 M) produced a significant increase in firing rate in dSCN neurons ( Fig. 1 ; n ϭ 30 cells, post hoc Dunn's method, P Ͻ 0.05). This increase in firing rate returned to control levels within 4 -6 h after VIP application (see below). In contrast, a lower concentration of VIP (0.1 M) did not alter the SFR (Fig. 1) . Therefore, we used 1 M VIP for the remainder of the experiments.
Excitatory effects of VIP were long-lasting. To examine the duration of the VIP regulation in the dSCN, we sampled SFR at 0.5-2, 2-4, and 4 -6 h after the 1-h treatment. The resulting data were analyzed by two-way ANOVA. This analysis revealed a significant effect of both condition [F (1,171) ϭ 36.875, P Ͻ 0.01] and time [F (3,171) ϭ 17.689, P Ͻ 0.01]. There was also a significant condition ϫ time interaction [F (3,17) ϭ 23.462, P Ͻ 0.01]. The impact of VIP was seen 2-4 h after treatment ( Fig. 2 ; post hoc Holm-Sidak method, P Ͻ 0.05). The firing rate returned to control levels after 4 h. To check the condition of the neurons after the wash, we applied NMDA (10 M) to confirm that the cells were still able to generate action potentials (Fig. 2) . In a separate experiment, we recorded from a set of VIP-treated neurons (n ϭ 12) for up to 3 h. Of the eight neurons that showed a VIP-induced increase in firing, seven neurons exhibited increased SFR that was maintained over the full 3 h. These findings demonstrate that VIP can produce long-lasting changes to the electrical activity of SCN neurons.
VIP stimulation was mediated by VIPR2 pathway. To determine the receptor that mediates VIP's regulation of SCN electrical activity, we determined the impact of VIP in the presence of a VIPR2 antagonist (MyrH-SDAVFTDNYTKLRKQMAVK-KYLNSI-K-K-G-G-T; Moreno et al. 2000) as well as in VIPR2 KO mice. Recordings (1 min) were made during the night , and the resulting data were analyzed by one-way ANOVA. This analysis revealed a significant effect of treatments [F (3,116) ϭ 13.026, P Ͻ 0.01]. The application of VIPR2 antagonist significantly reduced the effect of VIP on spike frequency (Fig. 3) , while the antagonist alone did not produce a significant effect on the firing rate compared with untreated controls. The application of VIP failed to increase SFR in the VIPR2 KO [control (Ctl): 1.4 Ϯ 0.3 Hz, n ϭ 30; VIP: 1.8 Ϯ 0.2 Hz, n ϭ 30]. These results indicate that VIP regulates firing rate in the dSCN through a VIPR2-dependent mechanism. for each group (ϩSE). *Significant difference (P Ͻ 0.05) compared with controls analyzed by 1-way ANOVA followed by Dunn's method for multiple comparisons. The washout data were collected 4 -6 h after drug application. For each group, n ϭ 29 or 30 neurons. Throughout this study, sample sizes are reported as the number of neurons, with the data from each group coming from between 3 and 5 mice.
Multiple signal transduction cascades mediate effect of VIP.
The VIPR2 is positively coupled to both the adenylyl cyclase (AC) and phospholipase C (PLC) signaling pathways Harmar et al. 2012) , and we sought to use pharmacological tools to differentiate the contribution of each pathway. As a first step, we applied a series of agents that stimulated these pathways to determine which could mimic the impact of VIP on firing rate (Fig. 4A ). Recordings were made during the night (ZT 17-19, 2-4 h after the treatment) from neurons in the dSCN region. A comparison of treatments by Kruskal-Wallis one-way ANOVA on ranks revealed a significant effect (H 4 ϭ 32.186, P Ͻ 0.01). The application of the AC activator forskolin (n ϭ 14; post hoc Dunn's method, P Ͻ 0.05) as well as the membrane-permeant and selective PKA activator 6-BnzcAMP increased the firing frequency (n ϭ 30; post hoc Dunn's method, P Ͻ 0.05). Similarly, the application of 8-(4-chlorophenylthio)-2-O-methyl-cAMPS, Sp-isomer, which is a membrane-permeant and metabolically stable activator of the Epac cAMP receptor (O'Neill et al. 2008) , increased the firing rate (n ϭ 29; post hoc Dunn's method, P Ͻ 0.05), as did the PLC activator m-3M3FBS (O'Neill et al. 2008 ; n ϭ 30; post hoc Dunn's method, P Ͻ 0.05). Therefore, it appears that activation of either the AC or PLC signaling pathway can increase firing rate in these neurons and mimic the effect of VIP.
We next evaluated a panel of blockers of these same cascades (Fig. 4B) . A comparison of treatments by Kruskal-Wallis one-way ANOVA on ranks revealed a significant effect (H 6 ϭ 50.523, P Ͻ 0.01). In the presence of the PKA inhibitor H89, Fig. 4 . VIP-induced increase in spike frequency was mediated by both adenylyl cyclase (AC) and phospholipase C (PLC) pathways. A: average firing rate for the activators (ϩSE). *Significant difference (P Ͻ 0.05) analyzed by 1-way ANOVA followed by Dunn's method for multiple comparisons (vs. control). We evaluated several agents: AC activator forskolin (n ϭ 14); cAMPdependent protein kinase (PKA) activator N 6 -benzoyladenosine-3=,5=-cyclic monophosphate (6-Bnz-cAMP, n ϭ 30); Epac activator cAMP receptor 8-(4-chlorophenylthio)-2=-O-methyl-cAMPS (n ϭ 29); PLC activator m-3M3FBS (n ϭ 30). B: average firing rate (ϩSE) for groups treated with the inhibitors alone and the inhibitors ϩ VIP (1 M). *Significant difference (P Ͻ 0.05) analyzed by 1-way ANOVA followed by Dunn's method for multiple comparisons (vs. VIP). We evaluated several agents: PKA inhibitor H89 (10 M, n ϭ 23); Epac inhibitor brefeldin A (Bre, 100 M, n ϭ 28); PLC inhibitor edelfosine (Ede, 10 M, n ϭ 24). there was significant reduction in the VIP increase in firing rate (n ϭ 23; post hoc Dunn's method, P Ͻ 0.05). Similarly, the Epac antagonist brefeldin A (Huang and Hsu 2006) inhibited the VIP-induced spike frequency (n ϭ 28; post hoc Dunn's method, P Ͻ 0.05). Finally, we examined the effects of a specific inhibitor of PLC, edelfosine (Powis et al. 1992) , and found that this compound inhibited the effects of VIP (n ϭ 24; post hoc Dunn's method, P Ͻ 0.05). By themselves, none of the inhibitors produced a significant change in the firing rates in the dSCN. Therefore, it appears that inhibition of either the AC or PLC signaling pathway can reduce the effects of VIP. The residual activity (H89 vs. H89ϩVIP, Bre vs. BreϩVIP, and Ede vs. EdeϩVIP) was also examined, but there were no significant differences (data not shown). The coapplication of H89 and brefeldin A significantly blocked VIP-induced firing rates (VIP: 3.3 Ϯ 0.2 Hz, n ϭ 29; H89ϩBreϩVIP: 2.0 Ϯ 0.2 Hz, n ϭ 34; Student's t-test, P Ͻ 0.01).
VIP-induced increase in spike frequency was not driven by a change in membrane potential.
In some neurons VIP has been reported to depolarize the membrane, and we sought to determine whether membrane depolarization could underlie the increase in electrical activity measured in our preparation 2-4 h after treatment. We found that bath-applied VIP (1 M) did not alter the resting potential membrane (V m ) in dSCN neurons recorded during the night (Ctl: Ϫ50 Ϯ 3 mV, VIP: Ϫ51 Ϯ 3 mV; n ϭ 13; Student's t-test, P Ͼ 0.05). In addition, we did not see a significant change in the input resistance in the VIP-treated neurons (Ctl: 1.0 Ϯ 0.2 G⍀, VIP: 1.1 Ϯ 0.2 G⍀; n ϭ 13; Student's t-test, P Ͼ 0.05). Thus the long-term VIP-induced increase in firing did not appear to be driven by changes in the V m of the SCN neurons.
VIP regulation of firing rate is dependent on PER1. Previous work has shown that VIP application induces Per1 expression in SCN as measured by in situ hybridization (Nielsen et al. 2002) and has raised the possibility that increasing PER1 expression can alter the firing rate of SCN neurons (Gamble et al. 2007 (Gamble et al. , 2011 . Using IHC, we found that application of VIP (1 M, 60 min) at ZT 15 induced a significant increase in the number of pCREBand PER1-expressing neurons in the SCN [Fig. 5 , A and B; pCREB: 2-way ANOVA, time effect: F (5,24) ϭ 1.887, P ϭ 0.134, condition effect: F (1,24) ϭ 23.624, P Ͻ 0.01, interaction: F (5,24) ϭ 3.459, P Ͻ 0.05, post hoc: Holm-Sidak, P Ͻ 0.05 at ZT 15.25, 15.5, and 16 vs. control; PER1: 2-way ANOVA, time effect: F (3,18) ϭ 0.231, P ϭ 0.874, condition effect: F (1,18) ϭ 10.425, P Ͻ 0.01, interaction: F (3,18) ϭ 3.214, P Ͻ 0.05, post hoc: Holm-Sidak, P Ͻ 0.05 at ZT 17 vs. control]. Both ventral and dorsal PER1 were increased by VIP at ZT 17 (ventral: control 27 Ϯ 4, VIP 47 Ϯ 4 counts/area, Student's t-test, P Ͻ 0.05; dorsal: control 53 Ϯ 7, VIP 96 Ϯ 9 counts/area, Student's t-test, P Ͻ 0.05). Slices in control experiments in which the primary antibody was not added or the primary antibody was preabsorbed with a peptide control did not exhibit any positive staining (data not shown). Antisense ODN against Per1 blocked VIP-induced PER1 levels, whereas a scrambled ODN was without effect (KruskalWallis 1-way ANOVA on ranks, H 3 ϭ 9.051, P Ͻ 0.05, post hoc: Tukey test, control vs. antisense ϩ VIP: P Ͼ 0.05., control vs. scrambled ϩ VIP: P Ͻ 0.05; Fig. 5C ). Importantly, blocking the PER1 induction with antisense ODN also prevented the VIP induction of firing rate as measured 2-4 h after treatment (Kruskal-Wallis 1-way ANOVA on ranks, H 5 ϭ 89.671, P Ͻ 0.01, post hoc: Dunn's method, control vs. antisense ϩ VIP: P Ͼ 0.05; Fig. 5D ). The application of VIP also increased firing rate when measured 0.5-1 h after treatment. The application of the antisense ODN treatment did not alter the ability of VIP to increase firing rate as measured 0.5-1 h after treatment (control: 1.4 Ϯ 0.2 Hz, n ϭ 30; VIP: 4.0 Ϯ 0.4 Hz, n ϭ 30; antisense: 1.4 Ϯ 0.2 Hz, n ϭ 32; antisense ϩ VIP: 4.2 Ϯ 0.3 Hz, n ϭ 31; Kruskal-Wallis 1-way ANOVA on ranks: H 3 ϭ 68.298, P Ͻ 0.01, post hoc: Dunn's method, VIP vs. antisense ϩ VIP, P Ͼ 0.05). These results indicate that while PER1 was not necessary for short-term changes in firing rate, the VIP regulation of neural activity over the long term (Ͼ1 h) is dependent on induction of PER1 in the SCN.
VIP-induced increase in spike frequency was mediated by FDR current. The Kv3 (Shaw-related) family of K ϩ channels is thought to be primarily responsible for generation of the FDR current (Rudy and McBain 2001) , and we have shown that this current is absent in the SCN of mice lacking both Kv3.1 and 3.2 channels (Kudo et al. 2011) . To determine whether the FDR current mediates the effect of VIP, we used Kv3 dKO mice as well as a pharmacological blocker (4-AP) of these currents (Fig. 6A ). Recordings were made during the night (ZT 17-19, 2-4 h after the drug application), and the resulting data were analyzed by Kruskal-Wallis one-way ANOVA on ranks. This analysis revealed a significant effect of treatments (H 2 ϭ 30.417, P Ͻ 0.01). VIP did not produce a significant increase in firing rate in the Kv3 dKO mice (n ϭ 30; post hoc Dunn's method, P Ͼ 0.05) or in WT mice in the presence of 4-AP (n ϭ 30; post hoc Dunn's method, P Ͼ 0.05).
Next, the possibility that VIP can regulate the magnitude of FDR currents in SCN neurons was examined (Fig. 6, B and C) . The resulting data were analyzed by two-way repeated-measures ANOVA and indicated a significant effect of both condition [F (1,273) ϭ 6.19, P Ͻ 0.05] and voltage [F (13,273) ϭ 31.982, P Ͻ 0.01]. There was also a significant condition ϫ voltage interaction [F (13,273) ϭ 4.957, P Ͻ 0.01]. VIP enhanced the magnitude of FDR currents in dSCN neurons at 20, 30, 40, and 50 mV (post hoc: Holm-Sidak method, P Ͻ 0.05). Together, these results indicated that VIP regulates the FDR current and the regulation of firing rate in the night is dependent on FDR currents.
DISCUSSION
VIP causes long-lasting changes in firing rate in dSCN neurons.
In this study, we found that the application of VIP increases the electrical activity of dSCN neurons during the night (Fig. 1) . The dSCN is not a uniform population of cells, although the responses that we observed were consistent. As a percentage of control the increase of firing rate by VIP was robust, but the actual frequency changes were relatively small. These VIP-induced increases in firing rate developed over 30 min and lasted for 2-4 h (Fig. 2) . These long-term physiological changes in response to VIP have not been previously reported in the SCN or in other regions of the central nervous system. Prior studies using extracellular recordings in the rat found that brief application (5 min) of VIP acutely alters the firing rate of about half of SCN neurons, with most responding neurons exhibiting a decreased firing rate, although a few cells are activated (Reed et al. 2002) . The present study focused on long-term changes, and we did not measure the short-term impact of VIP on SCN firing.
In the present study, we found that micromolar concentrations of VIP were necessary to induce these long-term changes in neural activity in the SCN slice culture. Similar concentrations of VIP were needed to evoke changes in the expression of PER2::LUC in SCN explants . Earlier work in acute brain slices found that nanomolar concentrations of this peptide were effective in both acutely suppressing SCN neuronal firing (Reed et al. 2002) synaptic currents (IPSCs) (Itri and Colwell 2003) , with an EC 50 of 42 nM. The most direct explanation for these differences is that higher concentrations of VIP may be required to evoke a response when the peptide is applied in a static culture compared with a flow-through system. In the static culture, the SCN tissue is fixed onto a membrane that can form a permeability barrier. It is also possible that receptor internalization or other biological processes are responsible for the differences between the concentration response observed in static and flow-through culture conditions. In each of these studies, the VIPR2 receptor appears to mediate the response in the SCN (see below). Given the time course of the VIP action observed in the present study, one explanation for the increase in excitability of SCN neurons during the night is that the peptide causes a large phase shift in the SCN clock. For example, a large VIP-induced phase advance could move the SCN neuron from an electrically inactive night state to an electrically active day state. We cannot rule out this possibility but think that it is unlikely. Prior work examined the impact of VIP treatment on the phase of the SCN molecular clockwork as measured by PER2::LUC rhythms . With this assay, VIP treatment can indeed cause phase shifts but only when the peptide is applied during the subjective day time. More likely is that the impact of VIP in exciting SCN neurons during the night will modulate how the cells respond to stimulation (see discussion below).
Both light exposure as well as treatment with gastrin-releasing peptide (GRP) can also cause persistent increases in neural activity within the SCN at night (Gamble et al. 2007 (Gamble et al. , 2011 Kuhlman et al. 2003; LeSauter et al. 2011) . Thus peptide transmitters can drive long-lasting changes in the excitability within the SCN network. We speculate that VIP and GRP may work together functionally to regulate the excitability of the SCN circuit. VIP is expressed with a subset of GABAergic interneurons found throughout the central nervous system and has been shown to alter the excitability of several neural populations (Hermes et al. 2009; Jeftinija et al. 1982; Lee and Cox 2006; Pawelzik et al. 1992) . It is not known whether VIP-evoked changes lasting hours are a common feature of this peptide's action in the nervous system.
Multiple signaling pathways mediate impact of VIP. The VIPR2 (VPAC2) receptor is highly expressed within the SCN (An et al. 2012; Cagampang et al. 1998; Sheward et al. 1995; Usdin et al. 1994; Vertongen et al. 1998 ). Using both a receptor KO and a pharmacological receptor antagonist, we were able to confirm that the VIPR2 receptor mediates the regulation of electrical activity in the dSCN (Fig. 3) . In the SCN, and other brain regions, VIP binding is followed by AC activity leading to increases in cAMP and PKA (Meyer-Spasche and Piggins 2004; Rea 1990; Vanecek and Watanabe 1998) . Imaging techniques have shown that VIP rapidly increases intracellular cAMP in most SCN neurons . VIP and the VIPR2 are also known to be positively coupled to PLC (Harmar et al. 2012) . In the present study, we examined a panel of activators and inhibitors of these second messenger pathways. We found evidence that activators of both AC and PLC could mimic the effects of VIP while antagonists of both cascades inhibited the effects of VIP (Fig. 4) . One caveat of this type of analysis is uncertainty about the specificity of the various pharmacological agents. Still, taken at face value, our results suggest that VIP activation of both AC and PLC signaling cascades mediate the regulation of excitability. A similar conclusion was reached in a recent study examining the mechanisms underlying VIP's impact on the phase of circadian rhythms in gene expression , which reported that blockade of both AC and PLC activities is required to inhibit VIP-induced phase shifts.
VIP induction of PER1 supports long-term increases in firing rate. VIP causes the rapid induction of pCREB (within 15 min) and a slower induction (within 2 h) of PER1 (Fig. 5, A and B) . Together with the prior observation that VIP application induces Per1 message in the SCN (Nielsen et al. 2002) , this study shows that VIP can directly alter the molecular clockwork in SCN neurons. Previous work has shown that Per1 levels and SCN neuronal activity are tightly correlated (Kuhlman et al. 2003) . Prior work has also shown that blocking Per1 with antisense ODN inhibits GRP regulation of spike frequency (Gamble et al. 2007 ). These studies raise the possibility of a direct mechanistic link between PER1 and electrical activity in the SCN (Colwell 2011). We now find that blocking Per1 with antisense ODN blocks the persistent increase in firing rate evoked by VIP application (Fig. 5D ). These results suggest that these peptides (GRP, VIP) can act through the regulation of clock gene expression to produce long-term changes in the firing rate in SCN neurons. In contrast, the shorter-term VIP-induced increase in firing occurred in the presence of the antisense. Application of VIP increased levels of PER1, but this increase could not be detected until 2 h after treatment. Therefore, we believe that VIP can regulate excitability of SCN neurons through at least two mechanisms, with the longer-term changes dependent on PER1. Recent work focusing on ventral SCN neurons also found evidence that photic regulation of excitability occurs through two distinct mechanisms (LeSauter et al. 2011) .
Ionic mechanisms. A number of mechanisms could underlie these long-lasting changes in excitability. In neurons where VIP acutely alters membrane excitability, the peptide causes a membrane depolarization by either increasing an inward current or decreasing an outward current. For example, in cultured SCN neurons application of VIP induces an inward current mediated by the apparent decrease in K ϩ current (Pakhotin et al. 2006) . In neurons in the subparaventricular zone (SCN Fig. 5 . Persistent VIP-induced increases in electrical activity are dependent on PER1. A: photomicrographs illustrate that the application of VIP (1 M) increases phospho-cAMP response element-binding protein (p-CREB) as measured by immunohistochemistry (IHC). Bar graphs show p-CREB-positive cell counts for control and VIP-treated groups (ϮSE). *Significant difference (P Ͻ 0.05) analyzed by 1-way ANOVA followed by Dunn's method for multiple comparisons (vs. control). ZT, zeitgeber time. B: photomicrographs illustrate that application of VIP (1 M) increases PER1 protein as measured by IHC. Bar graphs show PER1-positive cell counts for control and VIP-treated groups (ϮSE). *Significant difference (P Ͻ 0.05) analyzed by 1-way ANOVA followed by Dunn's method for multiple comparisons (vs. control). C: photomicrographs illustrate that antisense against Per1 blocked the VIP induction of PER1. Bar graphs show PER1-positive cell counts for control and VIP-treated groups (ϩSE) exposed to antisense or scrambled message. Anti, group treated with antisense; Scr, group treated with scrambled message. D: representative examples showing that the application of VIP (1 M) does not cause persistent increase in neural activity in the presence of antisense against Per1. Bar graphs show average firing rate for each group (ϩSE). *Significant difference (P Ͻ 0.05) analyzed by 1-way ANOVA followed by Dunn's method for multiple comparisons. targets), bath-applied VIP results in a membrane depolarization caused by a nonselective cation conductance (Hermes et al. 2009 ). Both mechanisms have also been proposed to underlie a long-term increase in excitability in SCN neurons in response to light exposure (Kuhlman et al. 2003; LeSauter et al. 2011 ). In our preparation, the long-term increase in firing was not associated with a change in V m or conductance at resting V m measured 2-4 h after treatment. We did see evidence that VIP increased the magnitude of the FDR current in the dSCN and that VIP does not increase firing rate in the absence of the FDR currents (Fig. 6 ).
The FDR current is known to exhibit a set of unique physiological properties including high thresholds of activation, rapid activation, and large conductance in the SCN (Itri et al. 2005; Kudo et al. 2011) as well as in many other brain regions (reviewed by Baranauskas 2007; Joho and Hurlock 2009; Rudy and McBain 2001) . These properties enable neurons with this current to rapidly repolarize after the generation of action potentials. On the basis of the present data, we are proposing that the VIP-induced enhancement of the FDR current is at least part of the mechanism that allows dSCN neurons to fire more frequently. Previous work has shown that application of GRP also increases the magnitude of the FDR current in the SCN (Gamble et al. 2011) . Kcnc genes are widely expressed in the nervous system (Joho and Hurlock 2009; Rudy and McBain 2001) , and it may be that FDR currents can serve to regulate the excitability and response to sensory stimulation in other regions. A: VIP is held in dense core synaptic vesicles in a subset of neurons in the ventral SCN (vSCN) region. Upon release, VIP activates the VPAC2 (VIPR2) receptors and activates a network of signaling pathways. These pathways produce short-term changes in firing rate presumably through posttranslational modification of intrinsic ion channels. In addition, these signaling pathways phosphorylate CREB and increase the transcription and translation of the clock gene Period1 (Per1). The increase in PER1 regulates the FDR current among other intrinsic ion channels to increase the firing rate of dSCN neurons. B: the net result of VIP application is a long-lasting (2-4 h) increase in the firing rate of dSCN neurons. It remains to be seen whether the ability of VIP to modulate ongoing electrical activity over the course of hours is restricted to the SCN or whether this is a common mechanism by which this peptide regulates nervous system function.
Functional significance. A schematic illustrating our view of the impact of VIP on dSCN neurons is shown in Fig. 7 . The findings that VIP can produce long-term changes in the firing rate of dSCN neurons during the night raise questions about the function of this regulation. Within the SCN circuit, VIP synchronizes individual cell-autonomous oscillators (Maywood et al. 2011; Webb et al. 2009; Welsh et al. 2010) , and it is possible that the VIP-induced changes in firing rate are part of the mechanism by which this coupling occurs. Aside from coupling SCN oscillators, prior data suggest that VIP has a critical role in regulating how the circadian system responds to light (Dragich et al. 2010; Hughes et al. 2004; Vosko et al. 2007) . During the night, SCN neurons are normally silent but do respond to photic stimulation transduced by mRGCs that generate action potentials up to 20 Hz (Berson et al. 2002; Irwin and Allen 2007; Meijer et al. 1998; Tu et al. 2005; Warren et al. 2003) . This light-induced increase in neural activity drives synaptic communication with the rest of the cells in the circuit.
The long-term increases in excitability in SCN neurons driven by GRP (Gamble et al. 2011) and VIP (present study) are likely to play a critical role in determining the response of SCN neurons to light. Prior work in both mollusks and mammals suggests that the electrical activity of circadian pacemaker neurons determines how these cells respond to photic stimulation (Colwell 2011; Irwin and Allen 2007; McMahon and Block 1987) . This regulation can explain why the loss of VIP or its receptor has such a dramatic effect on photic entrainment of the circadian system (Colwell et al. 2003; Harmar et al. 2002) . VIP is expressed in a subset of GABAergic interneurons throughout the central nervous system. It remains to be seen whether the ability of VIP to modulate ongoing electrical activity over the course of hours is restricted to the SCN or whether this is a common mechanism by which this peptide regulates nervous system function.
